1. Introduction {#sec1-nanomaterials-08-00524}
===============

Dental implants are frequently used to achieve an oral rehabilitation of partly or completely edentulous patients. Whereas several surface modifications and chemical treatments have been identified to improve osseointegration \[[@B1-nanomaterials-08-00524]\], the creation of an ideal transmucosal part is still challenging. On the one hand, the formation of a connective-tissue seal through collagen adhesion is desired to prevent bacterial penetration, thus favoring rough surfaces. On the other hand, as rough surface promotes biofilm adhesion \[[@B2-nanomaterials-08-00524]\], machined surfaces may be beneficial to prevent peri-implant inflammation.

In recent years, various mechanical and chemical surface treatments have been proposed to improve hard and soft tissue adhesion \[[@B3-nanomaterials-08-00524],[@B4-nanomaterials-08-00524],[@B5-nanomaterials-08-00524],[@B6-nanomaterials-08-00524]\]. At the time being, titanium still is the most commonly used material for dental implants and abutments, and altering the surface roughness or hydrophilicity are common techniques to enhance both osseointegration as well as soft tissue adhesion \[[@B7-nanomaterials-08-00524],[@B8-nanomaterials-08-00524],[@B9-nanomaterials-08-00524]\].

In contrast to the common surface modifications, recent findings suggest that the alteration of titanium surface hydrophilicity through nano-crystalline diamond coating (NCD) \[[@B10-nanomaterials-08-00524]\] may have anti-bacterial properties \[[@B11-nanomaterials-08-00524]\], while promoting soft tissue adhesion \[[@B12-nanomaterials-08-00524]\].

As nanocrystalline particles have a size of 5 to 15 nm \[[@B13-nanomaterials-08-00524]\], these coatings produce a nanoscale roughness below 15 nm. Hydrophilicity is altered by saturating the dangling bonds of the NCD coating with either hydrogen (H-) or oxygen (O-), thus generating either hydrophilic (O) or hydrophobic (H) surfaces \[[@B13-nanomaterials-08-00524]\].

These O- and H-NCD coatings have been applied to machined titanium (M Titanium) surfaces within in vitro as well as in vivo studies, and O-NCD seemed to have improved cell attachment \[[@B12-nanomaterials-08-00524],[@B14-nanomaterials-08-00524],[@B15-nanomaterials-08-00524]\]. Bacterial adhesion was reported to be lower at O-NCD coated surfaces compared with conventional stainless steel and titanium surfaces \[[@B16-nanomaterials-08-00524]\].

However, it is not yet clear if the O-NCD coatings last for the entire healing phase, or if the positive effects are limited to the initial phase. In addition, it remains to be discovered if O-NCD sand blasted/acid-etched titanium (SLA Titanium) surfaces can further enhance soft tissue attachment compared with M-O-NCD.

Hence, the aim of the present investigation was to apply the novel O-NCD coatings to SLA (SLA-O-NCD) and machined titanium (M-O-NCD) surfaces and compare the respective surfaces with the untreated SLA Titanium and m Titanium controls in a rodent model.

2. Materials and Methods {#sec2-nanomaterials-08-00524}
========================

2.1. Creation of Titanium Discs with Different Surface Modifications {#sec2dot1-nanomaterials-08-00524}
--------------------------------------------------------------------

A total of 96 titanium discs with a diameter of 5 mm (Straumann AG, Basel, Switzerland) were used. One half (48 discs) had a machined titanium (M Titanium) surface with a roughness of 0.5 µm, and the remaining 48 discs had a sand blasted/acid-etched (SLA Titanium) surface with a roughness of 2.0 µm ([Figure 1](#nanomaterials-08-00524-f001){ref-type="fig"}).

A total of 24 M Titanium and 24 SLA Titanium discs were subject of hydrophilic nano-crystalline diamond (O-NCD) coating using a modified hot-filament chemical vapour deposition technique \[[@B10-nanomaterials-08-00524]\]. In brief, a 3% CH~4~ gas diluted in hydrogen at high temperatures (720 °C) and a distinctpressure (5 mbar) were applied to the surfaces. This procedure created a NCD layer (average grain size: 5 nm), which did not alter the surface topography and provided a very high sp^3^ hybridisation of the carbon \[[@B10-nanomaterials-08-00524]\].

A total of 24 NCD-coated M Titanium and 24 NCD-coated SLA Titanium discs were processed for altered hydrophilicity: By heating NCD at 400 °C with an aeration of 21% oxygen for 4 h, the terminal hydrogen groups were replaced by oxygen groups, resulting in an increased hydrophilicity (hydrophilic nano-crystalline diamond O-NCD; contact angle \<10°) \[[@B10-nanomaterials-08-00524]\]. In contrast to these modifications, pure titanium usually provides an intermediate hydrophilic or hydrophobic property with a contact angle of 70° \[[@B15-nanomaterials-08-00524],[@B17-nanomaterials-08-00524]\].

In summary, two groups of M Titanium (uncoated machined titanium surface (M Titanium), and machined NCD-coated hydrophilic titanium surface (M-O-NCD)) and two groups with an SLA surface topography (uncoated SLA titanium (SLA Titanium), SLA and NCD coated hydrophilic titanium (SLA-O-NCD)) were used for the present investigation.

2.2. Animal Experiment {#sec2dot2-nanomaterials-08-00524}
----------------------

A total of 24 female Wistar rats (Charles River Laboratories, 160--210 g) was used. The trial was approved by the local authorities and permission was granted by the Austrian government (BMWF-66.011/0095-C/GT/2007). The study was designed and conducted according to the ARRIVE guidelines for experimental studies \[[@B18-nanomaterials-08-00524]\].

The rats were kept in groups of four in cages at the central laboratory animal facility of the medical university of Innsbruck and were provided with food and water *ad libidum*. After 4 weeks of adaption, surgeries were performed by one experienced maxillofacial surgeon. Subcutaneous implantations of the discs were performed in general anaesthesia with Ketasol (100 mg/kg body weight) (Dr. E. Graeub AG, Bern, Switzerland) and Xylasol (10 mg/kg body weight) (Dr. Graub AG, Bern, Switzerland): First the abdominal wall was shaved and the rats' skins were disinfected with Octenisept (Schuelke, Germany). After skin incision, four subdermal pockets were created within each animal, respectively. One disc of each group was inserted per subcutaneous pockets such that the modified surface faced the dermis. The discs were allocated to the pockets at random according to a computer-generated list. A minimum distance of 1 cm was strictly kept between the pockets.

The defects were sutured tightly using resorbable material (Vicryl, Ethicon, Johnson & Johnson USA). Postoperative analgesia was performed with 4 mg/kg body weight Carprofen (Rimadyl, Pfitzer Animal Health, Berlin, Germany).

From each group, twelve animals were killed by Narcoren injection (Merial GmbH, Hallbergmoos, Germany) at one and four weeks, respectively. Thus, 12 × 4 biopsies were available at each time point.

2.3. Histological Evaluation {#sec2dot3-nanomaterials-08-00524}
----------------------------

The biopsies were fixed in 4% paraformaldehyde. After a series of dehydration steps using increasing ethanol concentrations, the samples were embedded in Technovit 9100 NEU (Kulzer Department, Heraeus-Kulzer, Wehrheim, Germany) following the manufacturer's instructions. The biopsies were sawed at the central aspect using a microtome and two samples per group were ground to a final thickness of 5 µm as described previously. One half was processed for immunohistochemistry and the other half for van Giesson's staining. The van Giesson's staining allows the visualizing of collagen and cell nuclei, enabling a detailed interpretation of the cellularity and collagenous network adjacent to the implant surface.

Two independent investigators (R.G.S., M.K.) assessed the cell numbers at the implant surface using a Nikon Eclipse 801 microscope (Nikon GmbH, Wien, Austria) and the manufacturer software (NIS elements BR 3.0). Therefore, all nuclei in a 10 µm distance to the surface were counted within the region of interest (ROI, Square defined as 10 µm × 130 µm manually with a 1000× magnification) and the collagen orientation and scar formation was evaluated on two different randomly chosen sections of each disc.

2.4. Immunohistochemistry {#sec2dot4-nanomaterials-08-00524}
-------------------------

To evaluate proliferation, inflammatory response, and cell adhesion, immunohistochemistry was performed. Proliferating nuclear antigen (PCNA, clone PC10, mouse IgG, Chemi-Con, Billerica, MA, USA) served as a marker for proliferation, tumor necrosis factor alpha (TNF-alpha, clone M-18, goat IgG, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for inflammation and Fibronectin (FBN, clone C-20, goat IgG Santa Cruz Biotechnology, Santa Cruz, CA, USA) for cell--matrix interactions. After dissolving of Technovit 9100 NEU and antigen retrieval with trypsin (Sigma Aldrich, St. Louis, MO, USA), the antibodies were applied for 10 h. For mouse antibody detection, the Dako envision system (Dako, Glostrup, Denmark) was used according to the manufacturer's protocols. As secondary antibody to the TNF-alpha and FBN staining, an anti-goat antibody (Sc 3851; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was applied.

2.5. Statistical Analysis {#sec2dot5-nanomaterials-08-00524}
-------------------------

Statistical analysis was performed with SPSS (SPSS Version 24, SPSS Inc., Chicago, IL, USA). Descriptive parameters were assed for each variable and groups. A between-group comparison was achieved using the Kruskal-Wallis test. If the Kruskal-Wallis test revealed a significant difference pairwise testing was performed, the Wilcoxon signed rank test was used. *p*-values were adjusted using the Bonferroni correction for multiple tests. Results were found significant at *p* \< 0.05.

3. Results {#sec3-nanomaterials-08-00524}
==========

During the experimental phase of the study, postoperative healing was considered uneventful. Neither local or generalized infections nor allergic reactions were noted.

3.1. Histological Analysis {#sec3dot1-nanomaterials-08-00524}
--------------------------

Histological images were obtained at one and four weeks of healing ([Figure 2](#nanomaterials-08-00524-f002){ref-type="fig"} and [Figure 3](#nanomaterials-08-00524-f003){ref-type="fig"}). The highly magnified histologic pictures showed the cell nuclei of adhering cells and the collagen fibers that are orientated parallel to the samples surface.

At one week of healing, the Kruskal-Wallis test showed significant differences in cell counts among the groups (*p* \< 0.001), so multiple group comparison testing was performed. M Titanium (9.66 ± 2.22 cells/ROI) showed significant less cell counts compared with the remaining groups (M-O-NCD: 14.7 ± 2.75 cells/ROI, *p* \< 0.001; SLA Titanium 13.07 ± 2.06 cells/ROI; *p* = 0.009; SLA-O-NCD: 13.5 ± 3.25 cells/ROI; *p* = 0.028). Significance failed for pairwise-comparisons among M-O-NCD, SLA-O-NCD and SLA Titanium groups.

At 4 weeks of healing, the Kruskal Wallis test revealed significant differences among the groups (*p* = 0.007), and the post hoc test yielded significantly higher cell counts for SLA-O-NCD surfaces (15.0 ± 3.16 cells/ROI), compared with SLA Titanium (9.13 ± 0.99 cells/ROI, *p* \< 0.014), M-O-NCD (8.87 ± 2.75 cells/ROI, *p* \< 0.018), and M Titanium (8.8 ± 2.75 cells/ROI, *p* \< 0.027).

In general, at week 4, the collagen fiber bundles were orientated parallel to the surfaces at all surfaces investigated. The SLA O-NCD surfaces were marked by higher cell counts in the collagenous network compared to the M Titanium, M-O-NCD, and SLA Titanium group.

3.2. Immunohistochemistry {#sec3dot2-nanomaterials-08-00524}
-------------------------

At week one of healing, proliferating cells, detected by proliferating cell nuclear antigen (PCNA) expression, were found in proximity to all titanium surfaces. PCNA detection was highest near the M-O-NCD surfaces ([Figure 4](#nanomaterials-08-00524-f004){ref-type="fig"}). Surfaces close to expression sites of TNFa were located at the soft tissue: the SLA Titanium interface. TNFa activity was also found in deeper layers in M-O-NCD and M Titanium samples. Fibronectin appeared to be increased on all SLA surfaces.

After 4 weeks of healing, lower amounts of PCNA activity were detected, whereas M-O-NCD and SLA-O-NCD surfaces presented higher PCNA expression compared to the other groups ([Figure 5](#nanomaterials-08-00524-f005){ref-type="fig"}).

TNFa activity was found at the uncoated M Titanium surfaces ([Figure 5](#nanomaterials-08-00524-f005){ref-type="fig"}). Fibronectin expression close to the soft tissue sample interface was only observed in the SLA-O-NCD group, whereas in deeper layers, Fibronectin detection in the vasculature served as a positive control.

4. Discussion {#sec4-nanomaterials-08-00524}
=============

The aim of the present investigation was to assess if nano-crystalline diamond (NCD) coatings promote soft-tissue adhesion both in the early healing phase and at four weeks after surgery, and to analyse if the effect of hydrophilic NCD depends on surface roughness, thus comparing SLA to machined surfaces with and without hydrophilic NCD.

Altering surface texture may enhance the biological response on implant materials. In bone tissues, rougher titanium surfaces were commonly associated with increases in cell proliferation and differentiation, and thus with higher bone-to-implant contact values \[[@B12-nanomaterials-08-00524]\]. The beneficial effect of surface roughness on soft tissue attachment, however, is controversially discussed because increased roughness also favors biofilm adhesion.

Thus, hydrophilic surfaces which have sufficient micro-roughness to promote cell proliferation and adhesion, but exhibit anti-bacterial properties at the same time are demanded. According to the literature, an antibacterial effect has been reported for O-NCD coatings \[[@B16-nanomaterials-08-00524]\], whereas other studies reported on improved cell-adhesion associated with hydrophilic surfaces \[[@B19-nanomaterials-08-00524]\]. Hence, the demanded features may be associated with O-NCD coatings, and this hypothesis was supported by the findings of the present investigation:

Significant higher cell counts were detected around M-O-NCD (week 1) and SLA-O-NCD (week 4) surfaces compared with the non-coated groups, thus favoring O-NCD coated surfaces over the control groups.

A possible explanation for the higher cell counts on M-O-NCD surfaces in week 1 and SLA-O-NCD surfaces at week 4 can be derived from a recent finding reporting that within the first 3 h, most of the fibroblasts attach to polished surfaces, whereas after 3 days of healing more cells are found close to rough surface textures \[[@B20-nanomaterials-08-00524]\]. This phenomenon has also been described by Kim et al., who found surface roughness to significantly enhance the connective tissue attachment \[[@B21-nanomaterials-08-00524]\].

Beside cell counts, the functional parameters fibronectin (FBN), proliferating cellular antigen (PCNA) and tumor necrosis factor alpha (TNFa) expression were assessed immunohistochemically. In the present study, fibronectin, a protein for cell adherence, was mainly expressed close to SLA-O-NCD and SLA Titanium surfaces. This finding is in-line with Schwarz et al., who reported on elevated fibronectin expression at micro-rough surfaces over time but found no differences in fibronectin expression between the SLA and modified SLA groups. This is comparable with the results of the present study where fibronectin was found on rough uncoated SLA and SLA-O-NCD surfaces, although higher expression levels were associated with O-NCD treatment.

The proliferation rate of cells near the surface was evaluated via PCNA expression. A clearly enhanced PCNA expression was observed at all O-NCD coated surfaces. The high expression levels of PCNA on O-NCD coated polished titanium surface was already described by Kloss et al. \[[@B12-nanomaterials-08-00524]\]. The present work revealed that finding remains true for O-NCD coated rough surfaces.

As high cell numbers---especially with increased nucleus or plasma relations---may result from inflammatory reactions, the antibody for tumor necrosis factor alpha (TNFa) was employed in the present investigation. At one week of healing, the TNFa signals were strongest on the uncoated SLA Titanium surfaces, whereas no TNFa signals were detected on the two hydrophilic surfaces. At 4 weeks, TNFa expression was only present at M Titanium surfaces. This suggests that the agglomerated cells on the O-NCD titanium and the M-O-NCD surfaces perhaps do not result from inflammatory processes, and that hydrophilic surfaces may be of higher biocompatibility.

For the clinician, the time point of cell adhesion appears relevant. As current clinical concepts discuss an early to immediate loading of dental implants, the early formation of a stable soft-tissue seal is of great importance \[[@B22-nanomaterials-08-00524]\]. According to the findings of the present investigation and with the limits of a study in rodents, early cell proliferation may be promoted by hydrophilic O-NCD coatings.

These limitations suggest that the present model did not account for potential differences between dermal and gingival fibroblasts. Nonetheless, the fundamental characteristics between dermal and gingival fibroblasts were found comparable and only 5% of the genes were reported to differ \[[@B23-nanomaterials-08-00524]\]. The strict and standardized design of the present investigation focused on the soft tissue interaction. Thus, it demanded an inbreed stem model, where all additional bias from biofilm and functional loading was excluded. To provide reasonable sample dimensions and acceptable distances between the samples, the subdermal pocket model was selected. Nonetheless, whether the early preference for M-O-NCD and the later beneficial effect of SLA-O-NCD remain valid in clinical practice remains to be investigated in future studies.

If the results from the present investigation remain valid in humans, the O-NCD coated surfaces may also be associated with higher biocompatibility and decreased risk of biofilm adhesion.

Despite of the promising findings of the present investigation, it remains to be discovered how the O-NCD coated surfaces behave under regular stresses from chewing forces in the mouth, in the presence of oral bacteria and in the presence of specific nutritional habits and with different qualities of oral hygiene. In this study, an inbreed rat-stem animal model was used, as previously described by Kloss and co-workers \[[@B12-nanomaterials-08-00524]\]. The experimental setup was strictly focused on soft tissue interaction under standardized conditions, comparable to the Macaca model published by Lee \[[@B24-nanomaterials-08-00524]\]. By using the submerged healing, additional sources of bias from biofilms or functional loading were excluded \[[@B25-nanomaterials-08-00524]\]. These factors may promote development of peri-implant inflammation and may also disturb the formation of a soft tissue seal. As the soft tissue surface interface is a crucial part in the prevention of peri-implantitis, the interaction of surface topography and hydrophilicity on cell adhesion can be more clearly investigated using this submerged design study in an animal model.

5. Conclusions {#sec5-nanomaterials-08-00524}
==============

Within the limitations of an animal study, the present study revealed that cell proliferation may be promoted by O-NCD coatings at machined and SLA surfaces. It also indicated that M-O-NCD may be beneficial in the initial healing phase, when cell attraction and proliferation are of greatest importance, whereas SLA-O-NCD may be advantageous in the subsequent healing phases. Further effects associated with hydrophilicity seem to be a greater biocompatibility and antibacterial properties. Whether these findings can be translated to humans remains to be investigated in larger animal models and randomized clinical trials.

6. Patents {#sec6-nanomaterials-08-00524}
==========

Doris Steinmüller-Nethl and Robert Gassner hold a patent on the coating process.

We kindly thank Michael Kollreider for his support in analyzing the van Giesson staining and Shasta Pelzer for her technical support.
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![Study design showing the four different surfaces with different levels of roughness (machined versus sand-blasted/acid etched) and different hydrophilicity achieved through additional nano-crystalline diamond coating.](nanomaterials-08-00524-g001){#nanomaterials-08-00524-f001}

![Van Giesson staining (**A**). After 1 week, more cells (black arrows) were seen in proximity to the machined hydrophilic surface compared with the other surfaces. The red scale bar indicates a 10 µm distance. Graph (**B**) shows the number of cells within a 10 µm distance to the surface after 1 week. Machined hydrophilic surfaces attracted the most cells, but significant differences were also observed between M Titanium and the other groups.](nanomaterials-08-00524-g002){#nanomaterials-08-00524-f002}

![Van Giesson staining (**A**) revealed most cells in proximity to the rough hydrophilic nano-crystalline diamond coated surface. The red scale bar indicates a 10 µm distance. Boxplot (**B**) shows the descriptive values, and also highlights significant differences through bars.](nanomaterials-08-00524-g003){#nanomaterials-08-00524-f003}

![Immunohistochemistry after 1 week. PCNA showed proliferating cells in all samples, especially on the hydrophilic machined surface. The inflammatory protein TNFa was found near the SLA Titanium surface and not near hydrophilic layers. In deeper layers, TNFa expression was seen in all samples, serving as staining control. Fibronectin was mainly expressed on the rough hydrophilic surface. As fibronectin is usually found in vessels, these signals served as staining control. Scale bars indicate 50 µm.](nanomaterials-08-00524-g004){#nanomaterials-08-00524-f004}

![Proliferation and near-surface expression of fibronectin was only seen on the SLA-O-NCD titanium plate. Other positive fibronectin signals belong to surrounding vessels. TNFa was upregulated only for the machined titanium surfaces. Scale bars indicate 50 µm distance.](nanomaterials-08-00524-g005){#nanomaterials-08-00524-f005}
